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The temperature dependence of the EPR signals of Mn2+ in some mixed II-VI 
compounds has revealed the electronic charge transfer or energy transfer from 
the Mn2+-state responsible for the EPR to other electronic states such as the 
Mn3+- and Mn+-states with appropriate two thermal activation energies; one el 
observed at high temperature and the other e2 at low temperature. The experi-
mental results show that e2 in the mixed compounds studied depends on the com-
position, 'While el is rather constant. The exact location of the ground state of 
the Mn2+-levels with respect to the energy band structure of the host lattices 
cannot be identified from these measurements. However, the observed variation 
of e2 with the composition for a given mixed compounds has been found to have 
a close relationship 'With the composition dependence of the band gap. Along with 
other data on the photo-sensitive EPR and luminescence measurements, a tentative 
mechanism of the thermal charge transfer process of Mn2+ ions in Cd1_;ZnxS and 
CdSI_xSex mixed systems is proposed by assuming virtual energy levels of corre-
sponding Mn ions in the forbidden energy gap. 
1. Introduction 
1 
For many years the transition metal impurities have been known to play an impor-
tant role for luminescence and photoconductivity in various II-VI compounds, and these 
impurities are also responsible for electron paramagnetic resonance (EPR) from which 
we can get information about the crystalline environment.I- 3) For example, the para-
magnetic 3 d ions are active as electron or hole traps and they can often occur in the 
monovalent, divalent, and trivalent charge states. It is believed that valence changes 
of these ions can be enforced by optical irradiation or chemical treatment. The optical 
absorption or emission measurements allow one to determine the energy separation 
between the ground state and its excited states of the ions, whose magnitude are 
dependent on the ion itself, host or ligand, as well as crystalline symmetry. As 
deseribed in the subsequent section, the various crystalline field states for some ions 
have been identified by optical excitation and quenching. 
Furthermore, the combination of the EPR technique with. optical illumination, denoted 
by photo-sensitive EPR, has been frequently employed to study the charge transfer 
and thus to determine the electronic energy levels of the magnetic impurities with 
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respect to the band structure. Some ions in II-VI compounds are successfully identified 
as seen later. The photo-sensitive charge states of 3d-ions in cubic ZnS are summarized 
by Schneider from the data so far studied by the EPR method, as shown in Table 1,4) 
where the ground state of the free ion and orbital degeneracy for some ligand symme-
try are also given after Abragam and Bleaney.5) Even though the EPR studies, mostly 
Table. I Photo-sensitive charge states of 3d-ions in cubic ZnS. The underlined ions 
have been observed by EPR, after Schneider.lI ) Ground term of ions, after 
Abragam and Bleaney.8) 
Configuration 
Trapped electron states 
Trapped hole states 
Ground term of free ion 2D 
Ground term of ion! Total spin S % 
in weakly Orbital degeneracy 3 
d h d I (octahedral field) boun octa e ra 
Orbital degeneracy 
complex (tetrahedral field) 2 1 
1 
3 3 
1 
1 
2 
3 
2 
3 
1 
1 
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concerned with the ground state of the ions, enable us to obtain information about the 
crystal ligand,5) the location of impurity energy levels with respect to the energy bands 
of the host lattices is usually hard to be identified; this problem has been of great 
interest for the understanding of the excitation process or charge transfer in lumines-
cent materials. 
Of all 3d-ions listed in Table I, divalent manganese ions (ground term, orbital 
singlet 6S state) are by far the most extensively investigated by the EPR method in 
various host materials, since the S-state has relatively long relaxation times and is 
easily detectable even at room temperature. EPR spectrum of the S-state ions in II-VI 
compounds is sensitive to a crystalline environment around the magnetic impurities; 
the EPR paramenters appearing in the spin Hamiltonian (g-value, crystalline field 
constant a, hyperfine interaction constant A, etc.) are discussed by the crystal field 
theory, counter-balance between covalency and ionicity of the host crystals, and lattice 
distortion.6) We have also studied these parameters in terms of the effective distance 
model in the previous paper.71 No photo-sensitive EPR measurements of Mn2+ in II-VI 
compounds are reported, whereas there are many luminescence and absorption studies 
of transitions between crystal field split levels of the 3d5 electrons. However, the 
relative energy position of the Mn2+-state with respect to the band edge is still focal 
point of discussion. Recently Langer et al.S) estimated by the X-ray-induced electron 
emission spectrum of ZnS: Mn 3 % that the Mn level lies approximately 3::1.-0.5 eV 
below the top of the ZnS valence band, in contrast with a theoretical estimation of 0.1 
eV above the upper valence band edge.9) 
It is moreover to be noted that') the charge transfer caused by optical or thermal 
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excitation process is in general observable when the ground state of the impurity levels 
is located in the forbidden band of the hosts. In this sense, the photo-sensitive EPR 
is associated with the optical excitation process. Our first attempt of the temperature 
'dependence of the EPR signals of Mn2+ in some mixed compounds is, on the contrary, 
associated with the thermal excitation process; we have reported these results for 
Cd1_xMgx Te (O<.x<O. 25) mixed single crystals,7) for sintered powders Cd1_xZnxS and 
CdS1_xSex,1°) and found that there are two thermal activation energies €1 and €2 in the 
thermal charge transfer between the Mn2+-state and other electronic states. 
It is the purpose of this paper to survey at first the data so far reported on the 
electronic states of some magnetic impurities in II-VI compounds and to discuss our 
results, in particular the observed variation of the activation energy €2 with the com-
position in the mixed systems Cd1_xZnxS and CdS1_xSex. As frequently pointed out by 
Watanabe,1l,12) these problems (identification of the magnetic ion levels in the band 
structure), however, seem to be complicated as to what is in fact a true wave function 
characteristic of the impurity level, since it is not shallower enough to bo solved by 
the effective mass approximation nor so well localized at the magnetic ion as to be 
dealt with by the ligand field theory. We have attempted to make a tentative model to 
accunt for the thermal charge transfer process observed in which a virtual electronic 
state of the Mn2+-state, denoted by (Mn2+)*, is assumed to exist, being formed from 
the crystalline field ground state of Mn2+ ions and the host lattices or ligands. 
2. Magnetic Impurity States in II-VI Compounds 
As described above, since there are a tremendous number of works on the electronic 
states of magnetic ions in II-VI compounds obtained by the EPR and optical technique, 
it is almost impossible to sum up the whole information of this field within this limited 
space, which would bring forth some speCialized books ;1-4,6) the photo-sensitive EPR 
data are reviewed by Morigaki.13) Here we would like to see some of them which may 
be thought to be useful for our later discussion. Thereafter, we express the energy 
scale between the relevant states solely in electron volt (eV), though frequently wave-
length and/or wave number units are cited in the literatures. At the same time, the 
notations of the energy levels are cited from those expressed by the authors. 
2-1. Copper 
Copper impurity has so far been well known as luminescent center in ZnS-type 
phosphors ; its emission spectum consists generally of two separate bands centered in 
the blue and in the green. Figs. 1 and 2 show the copper levels with two valence 
charges Cu+ and Cu2+ in CdS and ZnS, respectively. 
From the photo-sensitive EPR measurements at 1. 5 K, MorigakP-C) attributed the 
observed two EPR spectra of copper impurities in CdS to two kinds of Cu2+-centers ; 
one located at an interstitial site, denoted by eu-A, and the other located at substitu-
tional Cd site, denoted by Cu-B. In Fig. 1 (a) only the latter case is illustrated. The 
photo-induced excitation processes are estimated in terms of ionization of a d (t2) 
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electron from Cu+, resulting in the formation of Cu2+. His analysis of the EPR data 
is based on the d-hole model and shows the energy separation between the ground 
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Fig. 1. Energy level diagram of copper center in CdS. (a) Electronic structure of substitutional 
Cu center. Before excitation, six electrons occupy ts levels and four electrons e levels 
in Cu+ center. After excitation Cu+ is converted to Cull+ in which a d-hole is located at 
the Ts levels as indicated by an open circle, after MorigakLU> (b) Assignments of the 
levels in the substitutional Cu center found by Ishikawa and Maeda15> from the photo-
Hall effect at room temperature. The upward arrows indicate the electron excitation 
and the downward ones the quenching by hole transitions. (c) The observed hole 
transitions, identified by Burgett and Lin.IS ) 
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Fig. 2. Energy level diagram of copper center in ZnS. (a) Tentative assignments made by 
Birman,m the data being compiled from m~asurements on visible and infrared, absorption 
and emission found by several authors. (b) Infrared quenching of the green luminescence 
of Cu: ZnS by Burgett and Lin.16) (c) Splitting of the zD term of Cuz+ in tetrahedral 
crystal symmetry, used for discussion by Broser et al.18) 
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state of d-hole of CuH , r s, and the excited levels rS, and cr., rs) to be 0.42 and 0.48 
eV, respectively, which are comparable splitting of d-hole Ct2) levels of Cu+ caused 
by a combined action of the spin-orbit interaction and the trigonal crystalline field. 
However, no suggestion is given of the position of the respective electronic ground 
states e or 2E of Cu+ or Cu2+ with respect to the top of the valence band. 
The similar energy diagram is used by Ishitani and Maedal5 ) to identify the infrared 
quenching of the photo-Hall effect of interstitial and substitutional copper centers in 
CdS, as shown in Fig. 1 (b), where only the substitutional case is given. The ground 
state e of Cu + center is estiinated from the photoconductivity, being located below the 
top of the valence band, Whereas that of Cu2+ center 2E is shown above it, in contrast 
with the Morigaki's assignment. Prior to their reports Burgett and Lin16) first studied 
the infrared quenching and photo-Hall effect at 78 K on Cu2+ in ZnS and CdS, and 
identified the quenching bands as hole transitions from the e- and t2-state, in their 
notation, to the valence band as well as t2-e transition, as given in Fig. 1 (c) for CdS. 
Fig. 2 Ca) shows a tentative assignment made by Birman11> of the electronic structure 
of the green centers in Cu.: ZnS, compiled from the measurements on visible and 
infrared, excitation and emission; some obtained at 300 K and some at 90 K by several 
authors. The E level is here assumed to be slightly above the upper valence band 
edge; it is also pointed out that it may possibly be below the band edge. The infrared 
quenching measurements on Cu in ZnS are also carried out by Burgett and Lin16), as 
indicated in Fig. 2 Cb). 
Furthermore, pronounced fine structures were found by Broser et al.18l in near-
infrared absorption and emission spectra of Cu2+ as a substitutional impurity in ZnS 
and CdS at liquid helium temperature. They analyzed the results in terms of crystal 
field theory. The splitting scheme of the 2D level of Cu2+ for hole transitions is shown 
in Fig. 2 (c). The optical transitions occur between the energy levels which result 
from a splitting of the Cu2+ ground state by a crystal field of tetrahedral symmetry 
and the spin-orbit interaction. Moreover they attributed the occurrence of numerous 
lines observed to a small contribution of lower symmetry-possibly produced by lahn-
Teller effect-and an interaction of the center with vibration modes of the host lattice. 
They estimated crystal field and spin-orbit parameters, Dq and ~ respectively, for CuH 
in both crystals Dq=624 em-I and ~=593 cm-l for ZnS while Dq=556 cm-1 and ~=565 
cm- l for CdS. However, the energetic position of the Cu2+ and Cu+ within the band 
scheme remained unsolved. 
2-2. Iron 
Iron impurities are known to occupy a cation site of CdS and CdSe in substitutional 
divalent state and act as hole traps. Usually the Fe2+-state is not observable by EPR, 
but after conversion of valence charge to the Fe3+-state by optical irradiation or 
chemical treatment iron impurities become responsible for the spin resonance. The 
first attempt of the photo-senSitive EPR of Fe3+ in CdS was made at 4.2 K by Lambe 
et al.; 19) illumination of light around 550 mIJ. enhanced the EPR signals, while 2IJ. light 
6 
'W~s found effective in quenching the signals. More detailed studies of Fe3+ in CdS 
and CdSe have been made at 1.5 K by Morigaki and Hoshina2o,211 to obtain information 
about the excitation process involved. 
They analyzed the experimental results on the basis of LCAO-MO model, as shown 
in Fig. 3, where assignments of the resultant energy levels are given. Both CdS and 
CdSe have the wurtzite structure (point group, C46V) and the ground state of Fe3+ ion 
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Fig. 3. Energy level diagram of iron centers in CdS and CdSe.so,Sl) (a) The molecular orbitals 
in the tetrahedral Fe8+-Sez- c1uster.21) The bonding orbitals have ligand character. and 
are split by the combined action of the spin-orbit interaction and the crystalline field 
of Cav symmetry. Holes in dtza and en can be excited into dtsb by illumination. The 
measured enhancement and quenching energies of the EPR signals of Fe8+ in (b) CdS 
and (c) edSe. The native defects of Cd-vacancies and electron traps are also responsible 
for the charge transfer. 
is (3d5, 6S). Fig. 3 (a) shows the molecular orbital bonding scheme for the tetrahedral 
FeB+-Se42- cluster.21> The bonding orbitals have predominantly ligand character, where-
as the anti-bonding and the non-bonding orbitals have predominantly d-character. 
The charge transfer from Fe3+ to the surrounding Se2- ions by illumination is ascribed 
to hole transitions from dt2a and e~ to the excited state dt2b• When the bonding levels 
are close in energy to the valence band edge, the excited holes in the bonding levels 
can easily migrate into the valence band. This leaves Fe2+ in the cluster and thus 
leads to the reduction of the EPR signals of Fe3+ centers. In Fig. 3 (b) and (c) are 
indicated the enhancement and quenching energies of the EPR signals in CdS and 
CdSe observed at 1.5 K, respectively, as well as the native defects of Cd-vacancies 
and some electron traps which are believed responsible for the charge transfer process. 
2-3. Gadolinium 
Another attempt of the photo-sensitive EPR experiment was made on Gd3+ (ground 
state, 8S7/ 2) in ZnS at room temperature by Title.221 Gadolinium is normally present 
in the lattice as Gd2+. His results showed that in the dark there was a small Gd3+ 
EPR signals. On irradiating the sample with light near O.385.a (3.22 eV), the Gd3+ 
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signal increased twelve times in magnitude. After light was removed, the Gd3+ reson-
ance decreased slowly in magnitude to half value in about an hour. The' decrease 
could he speeded up, i. e., the Gd3+ signal was quenched by light of various wavelengths, 
between 0.28-Q.335.u (0.44-3.7 eV) and a broad peak centered around 0.65.u (1.9 eV). 
Irradiation with O. 385.u caused the sample to fluorescence in the green. He explained 
these results as follows, as demonstrated in Fig. 4. 
Irradiation with 3.22 eV light causes an electron 
to be released from the Gd2+ site to the conduc-
tion band. The electron is eventually trapped at 
some unknown sites near the conduction band. 
This process has the effect of converting Gd2+ 
to Gd3+. The sites at which the electrons are 
trapped are sufficiently deep that thermal release 
of electrons is slow. It is these thermally released 
electrons recombining at Gd3+ sites which results 
in the green phosphorescence. The quenching of 
the Gd3+ resonance by radiation of about 1.9 eV 
light is caused by excitation of an electron from 
the valence band to the Gd3+ site, reconverting 
it to Gd2+. This leaves a hole in the valence band 
which eventually recombines nonradiatively with 
the electrons in the traps. The quenching of the 
Gd3+ signals by 4.4-3.7 eV (-band gap) light is 
also due to the formation of electron-hole pairs. 
He confirmed these processes by photoconducti-
vity too. 
2-4. Manganese 
As mentioned in the introduction, manganese 
is an efficient luminescence activator in many 
host lattices, and emission and absorption are 
considered due to an electronic transition within 
the 3d5 configuration. Typical energy levels of 
Mn2+ in ZnS in an octahedral crystal field and 
the observed energy separations from the ground 
state 6Au1 (6S) are shown in Fig. 5, which Palumbo 
and Brown derive from excitation spectra of Mn2+ 
at room temperature.231 They observed also the 
vibrational fine structures, as reported by Mc 
Clure,w Langer and Ibuki,25> and Ryskin et al.26l 
To our knowledge, no photo-sensitive EPR data 
of Mn2+ in II-VI compounds have been reported, 
c..B. 
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Y.B. 
Gd:ZnS 
Fig. 4. Energy diagram showing ex-
citation and quenching of the 
Gd8+ EPR signal in ZnS ob-
served at room temperature 
by Title.22> 
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Fig. 5. Energy levels of Mnl + in ZnS 
in octahedral crystal field 
and the observed separations 
from the ground state 8A1f1 
(8S) derived by Palumbo and 
Brown.aS ) 
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which would enable us to get a picture of the charge transfer process. 
2-5. Mixed systems 
Finally it is usefull for our later discussion to see the composition dependence of 
emission spectra of impurity activated phosphors in some mixed II-VI compounds. 
Lehmann provided a fairly comprehensive survey over the emission spectra at 77 K 
of mixed compounds CZn, Cd) S, (Zn, Cd) Se, Zn (S, Se), Zn (Se, Te), and Cd (S, Se) 
phosphors activated by Cu, Ag, or Au, and of corresponding self-activated phosphors, 
as functions of the composition of the host materia1.27l Figs. 6 (a) and (b) illustrate 
the schematic model for two systems of Cu: Cd (S, Se) and Cu: (Cd, Zn) S, respectively. 
CdS 
I 
0.5 
(Q) 
4 
3 
2 
o 
CdSe CdS 
v. B. 
i 
0.5 ZnS 
( b) 
Fig. 6. Schematic energy diagram of copper-activated phosphors giving rise to green 
and blue emission in (a) Cd (S, Se) and (b) (Cd, Zn) S mixed compounds, 
proposed by Lehmann.lIT> 
He has proposed a qualitative explanation of the results which assumes a predomin-
antly ionic crystal bonding where the conduction band belongs to the cation and the 
valence band to the anion. The luminescence mechanism is based on the Schon-Klasens 
model which ascribes the photon emission to electron transitions from the conduction 
band into previously emptied electron levels between the activator ion and the four 
surrounding chalcogenide ions. Any replacement of zinc by cadmium then causes only 
a variation of the conduction band, while the activator electron levels and the valence 
band remain unchanged. Hence, the energy difference between the valence band and 
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activator levels is independent of the Cd/Zn ratio. This is expressed by the horizontal 
straight lines (Fig. 6 (b)). However, if sulfur is replaced by selenium, the conduction 
band remains unchanged while the valence band changes and the highly localized 
electron wave functions of the activator centers (Cu) follow with it (Fig. 6 (a)). The 
energy difference between both Cu levels of 0.43 eV is almost independent on the 
composition. 
3. Experimental Results 
Conventional X-band EPR spectrometer has been employed to study the temperature 
dependence of the absorption curves of the (M=~, m=~) line for Mn2+ in Cd1_zMgzTe 
(O<x<0.25) mixed single crystals,1) and si1;l.tered mixed compounds Cd1_zZnzS and 
CdS1_zSez,l°) where M and m are the electronic and the nuclear magnetic quantum 
number, respectively. For the latter two mixed systems we have used polycrystalline 
powders, since the hyperfine structures of Mn2+ ion are independent of the crystal 
orientation and the preparation method is easy over the whole compsition ; the details 
of the preparation method are described in a previous paper.28> In fact, however, the 
Single crystals would be of course preferable as in the case of Cd1_zMgz Te which can 
be grown from the melt by the Bridgeman-Stockbargar technique. Nevertheless, the 
crystal growth of a good single crystal of Cd1_zMgz Te was found to be difficult for 
the composition with x>0.3, because of tendency to rather polycrystalline nature.29) 
Manganese was doped into the host crystals to an amount of 0.01% in Cd1_zMgzTe, 
and 0.02% in Cd1_zZnzS and CdS1_zSez. 
To a good approxim~tion the area S under the absorption curves of the hyperfine 
structures is proportional to the total number N(Mn2+) of Mn2+ ions which are 
responsible for the spin resonance. Since the EPR signal is proportional to the population 
difference between the two Zeeman levels in question, the signal is inversely proportional 
to temperature T when hll <:,.kT , where 11 is the microwave frequency, h the Planck 
constant, and k the Boltzman constant. Therefore we may write SocN (Mn2+)/T. Our 
experimental resulte7,lO) have revealed that the observed values of ST can be expressed 
to a form with two thermal activation energies el and e2 as 
ST ocN(Mn2+)=clexp(et/kT) +c2exp(e2/kT), ··· .. ···{1) 
where Cl and C2 are some constant. 
From the slopes at low tomperature side the energy e2 can be obtained and it is 
plotted in Fig. 7 against the composition x for Cd1_ZZnzS by open circles and for 
CdS1_ zSez by squares, whereas the energy tl at high temperature side is not definitely 
determined for the two systems. The data for Cd1-zMgz Te are shown in the previous 
paper; !l is found almost composition-independent in Cd1_zMgzTe, being 0.08 eV.7l We 
will cite this value for tl throughout the discussion described later. It is to noted that 
!2 of ZnS (band gap Ea=3.6 eV) is among others large and negative in contrast with 
those of CdS (2.41 eV), CdSe (1.67 eV), and MgTe (4.7 eV). Furthermore, the com-
poSition dependence of !2 for CdS1_zSez has a close relationship with the composition 
dependence of the band gap, as shown in Fig. 7 by a line (a). The line (b) is also 
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the corresponding variation of the 
band gap with x for Cdl_~ZnzS. 
Here We have simplified these cur-
ves. The detailed variation of the 
band gap with the composition for 
several mixed II-VI compounds will 0.01 
be found in the revieW book edited 
by Aven and Prener.3l The obser-
ved change in £2 with x for Cdl_~ 
ZnzS may also be understood if we 
look at the change in the band gap 
as discussed later : at a mole frac-
tion x=O.3-0.4, £2 becomes zero. 
The similar behavior for the sys-
tem Cdl_~Mg~ Te is seen,1l although 
the data are limited to x:::;:O.25. 
Hence, the existence of the activa-
tion energies £1 and £2 observed in 
this study is believed to be sugges-
tive of the charge transfer process 
present which is associated with the 
Mn2+ ions. 
4. Discussion 
The present EPR measurements 
cannot provide us any decisive in-
formation about the location of the 
Mn2+-state in the energy band 
structure. However, the observed 
change in the EPR signals of Mn2+ 
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Fig. 7. The variation of the activation energy Ss 
with the composition for CdS1_zSez indica-
ted by open squares and for Cd1_ZZnzS by 
open circles, in the expression of eq. (0. 
The lines (a) and (b) are, respectively, 
the simplified variation of the band gap 
Eg with x for CdS1_zSez and Cd1_ZZnzS. 
ions with temperature suggests that. decrease or increase of the Mn2+ signals with 
temperature corresponds to the temperature dependence of the Mn2+ concentration 
with some thermal activation energies. The results indicate that there exist two 
energies £1 and £2 at high and low temperature, respectively, and that £2 depends 
on the compOSition in the mixed II-VI compounds studied, whereas £1 is almost 
constant. 
In a previous paper,1l we have proposed a simplified model that the change in the 
Mn2+ concentration with temperature is simply due to the electronic charge transfer 
from the Mn2+-state to other electronic states such as the Mn3+- and Mn+-states with 
the thermal energies £1 and eh through the help of lattice vacancies involved as well. 
Now that we have surveyed in section 2 some characteristic features of the electronic 
states of some transition metals in II-VI compounds so far studied by luminescence and 
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photo-sensitive EPR, it would be better for the above model of the Mn2+-state to be 
a little modified. 
(Charge Transfer Process) 
As already noted, we must take into account at least two facts; (0 the ground state 
of Mn2+ (3d5) ions in ZnS locates below the top of the valence band,8) and (ii) the 
charge transfer process is observable when the impurity levels, which is to be discussed, 
is above the valence band edge.t ) So far as manganese in II-VI compounds is concerned, 
there is no possible evidence which shows the location of the impurity levels above the 
valence band edge, such as copper and gadolinium shown in the preceeding section. 
The Mn2+-state in ZnS in an octahedral crystal field is well confirmed as shown in 
Fig. 5. If, for example, we put simply the crystalline field ground state 6A1U (6S) in 
the position displaced by 3 ± 0.5 e V below the top of the valence band,8) then the upper 
excited states such as 4T1U (4G), 4T 2U (4G), 4Al(,4E (4G), 4T2U eD), etc. would come out 
of the valence band. However, these excited states may not be the center responsible 
for charge transfer: 
From the above conSiderations, we now propose a tentative model to account for the 
present results that we have two activation energies in the charge transfer process 
for the mixed systems studied; the composition-independent energy el (-0.08 eV) and 
the composition-dependent one e2, the latter being denoted by e2 (x) thereafter. We 
must therefore take into account two different centers. We assume that these centers 
lie above the top of the valence band. The postulated centers, which we could designate 
here as "virtual centers or states", are considered to be responsible for solely charge 
transfer but not for the spin resonance signal directly. As discussed previously,1) one 
of the centers is attributed to native defect centers such as cation vacancies (Cd and 
Zn), being in a singly or doubly charged state. These defect centers are known to 
become deep acceptors, whose energy level depends on the host materials (various 
chalcogenides), being of the order of one tenth to one electron volt.a) 
Figs. 8 show schematic energy levels of the cation vacancies, denoted by V c, and the 
virtual centers indicated by parentheses with an asterisk, (Mn2+)*, (Mn2+)1*' and 
(Mn3+)*, as well as the variation with compOSition x of the band gap and these centers 
for· the two systems CdS1_zSez and Cd1_zZnzS. We will discuss these virtual centers 
later. In Fig. 8 (a) are shown the energy separation between the (Mn2+)*-level and 
Vc-Ievel for e2 (x) and between the (Mn2+)*-level and (Mn2+)1*-level for el. The positive 
(negative) value of e2 (x) means that the Vc-Ievel is lower (higher) than the (Mn2+)*-
level. In the extreme case of ZnS, e2 (x) is negative, as indicated by a dotted line. 
The pOSition of the (Mn2+)*-level with respect to the band edge is uncertain, but it 
may easily be supposed that this virtual level is of the order of the actual vacancy 
t) Recently photoconductivity in MnS is observed at room temperature by Sato and Teranishi,aO) 
in which the photoconductive peaks appear at the corresponding photon energies of absorpton 
peaks. These are attributed to the crystalline field transition C8A l _4T1, 4Ta, 4AC4E). But no 
conclusive remarks are given whether it is due to free carriers produced by a Frenkel exciton 
formed by crystalline field transition through exciton-impurity collision, or due to the formation 
of a quasi-localized state of the 3d-level, as revealed by Langer et al.8) 
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Fig. 8. In order to understand the thermal charge transfer process, a virtual state 
(Mnll+)* associated with the ground state of Mnll+ and with the host ligands, and 
other states (Mn8+)1* and (Mn3+)*, are p03tulated to exist above the top of the 
valence band, even though the Mnll+ (8S) state locates b~low the valence band 
edge, as in ZnS.8•31) The en~rgies 'a (x) and '1 are the separation from the 
(Mnll+)* level to the vacancy level V c and to the (Mnll+)1* level, respectively, 
where a dotted level is for ZnS [Fig. 8 (a)]. In Fig. 8 (b) and (c) is shown 
the compo3ition dependence of 'II (x) for CdS1_xS~31 and Cd1_31ZnxS, respectively. 
The en~rgy separation is exaggerated compared with the band gap and all the 
levels are drawn linearly for simplicity. 
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level (0.5-1 eV) and is comparable 'With those of other transition metals Cu2+, Fe3+, 
and Gd3+, as seen previously. 
Figs. 8 (b) and (c) illustrate schematic changes of the band gap of CdSl_~Sez and 
Cd1 _zZnzS, respectively, which are based on the Lehmann's prediction that the con-
duction band belongs to the cation and the valence band to the anion when a predomi-
nantly ionic crystal bonding is assumed.27l For simpliCity, the composition dependence 
of the virtual state and Ve-Ievel is assumed to be linear, where the energy separations 
are exaggerated compared with the band gap. Since £1 (-0.08 eV) is composition-
independent, both (Mn2+)* and (Mn2+)I* levels remain unchanged with x. The compo-
sition dependence of £2 (x) is also assumed to give a linear change of the Ve-Ievel. 
The (Mn2+)*- and Ve-Ievel cross each other at x=O.3-0.4 in Cd1_zZnzS. 
We can now discuss the charge transfer process relevant to these levels in the similar 
way as before.71 It is hard to think of the thermal excitation of an electron from the 
valence band to these levels with energy of £1 and £2 Cx) found experimentally; this 
process is on the contrary observed for infrared quenching of Fe3+ or Cu2+ centers in 
ZnS-type phosphors. Let us consider the positive £z Cx) as in CdS and CdSe [Fig. 8 
(b)]. Charge transfer is considered as electron transition from the (Mn2+)*-state to 
other states, Ve and (Mn2+)I*. At extremely loW' temperature, there are (Mn2+)~ centers 
and Ve centers with concentration N [(Mn2+)*] and N (Ve), respectively, where N 
[(Mn2+)*]»N(Vc). When temperature is raised, some electrons from the (Mnz+)*-level 
are thermally excited with £2 (x) and transferred to the Ve centers. This process 
results in the reduction of the number of (Mn2+)* centers, converting it to another 
virtual state, which we designate as (Mn3+)*, while the trapped Ve centers will change 
valence such as Ve~Vc-. Hence we may write this process as, (Mn2+)*+Ve~(Mn3+)*+ 
Vc-. The process in turn gives rise to the decrease in the actural number of Mn2+ 
ions for the spin resonance signal. After the Ve centers are all converted to Ve-, the 
electrons in the (Mn2+)*-levels are further eXCited with £1 to a (Mn2+)I*-level, again 
converting to (Mn3+)*-state by a process, (Mn2+)*----+(Mn3+)*+(-e), where the excited 
electrons (- e) may be eventually trapped in some centers present. In this case, there 
may be another possibility that the transition (Mn2+)*~(Mn2+)I* is a sort of interatomic 
transition, as in the case of 2E+-~2T for Cu2+ centers in ZnS and CdS. These processes 
are also responsible for the reduction of the spin resonance. 
Gumich et al.,311 on the other hand, have used the term of "electron transfer process" 
to estimate the position of Mn2+ in ZnS with respect to the band structure, in which 
ionization potentials of the appropriate free ions is used. Ikeya and Itoh have reported 
on the hyperfine coupling constant of different charge states of Mn ions in NaCI,33> 
but not on the energy levels. Recently Mizushima et ale have also estimated the energy 
levels of iron group impurities with various valence in Ti02•341 
(Virtual State) 
In the tentative model proposed above, we have introduced a virtual state associated 
with the crystalline field ground state of Mn2+ ion in the host lattices. The Mn2+-state 
is believed to be responsible for the spin resonance and to lie below the valence band 
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edge in the case of ZnS, while the virtual state (Mn2+)* is not observed as the actural 
EPR signal. In order to understand our experimental results, however, it is supposed 
to contribute to the charge transfer process, whose level is assumed to lie above the 
top of the valence band. What is then the virtual state at all? There is no straight-
forward explanation for this question. It may be here noteworthy to pay attention to 
the following Watanabe's proposition; what physical meaning does the magnetic impu-
rity level have in the band structure.l2l 
According to the band theory, the energy level is drawn based on a one-electron 
state in the Hartree-Fock manner, for example. On the contrary, the iron group ions 
accomodate usually more than one electron in its 3d-orbital and have the energy 
determined by the many-electron state, which remains unchanged even when the ions 
enter into II-VI compounds. In particular, the total spin value is often the same with 
the free ion value. In this case, it may be reasonable to define the one-electron energy 
such that one of the electrons is ionized or as the energy required to be excited into 
the conduction or valence band by any means. However, this energy determined by 
photoconductivity does not always agree with the activation energy determined by 
thermal excitation. 
In the former case, the electron is not directly transferred by optical excitation to 
a Bloch-state from the many-electron state in which the electrons localize very close 
to the impurity, but rather it is natural to think that it transfers to an "intermediate" 
excited state where the electron is localized to some extent 'With a finite life time, and 
then it becomes gradually the Bloch-electron through interaction with phonons. On the 
other hand, in the photoconductivity measurements at low temperature, it is expected 
that the intermedate excited state lies above the bottom of the conduction band, whereas 
the intermediate excited state into 'Which a hole in the valence band is excited optically 
may locate below the top of the valence band. These intermediate excited states are 
in fact the same many-electron states as before excitation, and thus the one electron 
(or hole) is considered not to be in the Bloch-state. It may be questionable, however, 
if 'We could call such an intermediate state as simply a "state". 
In view of these propositions, the virtual state introduced in this study is a sort of 
the "intermediate excited state" by Watanabe's word. Though a little dubious, 'We would 
like to assign the virtual states which are assumed to be responsible for the charge 
transfer process, as follows. Firstly, the (Mn2+)*-state is a sort of the intermediate 
excited state of Mn2+, 'Which may have a connection 'With or may be formed from the 
ground state 6S of Mn2+ and the host ligands. Secondly, the virtual state (Mn2+)1* 
which does not change with the composition and thus is independent on the host lattice 
may have two possibilities: (1) The (Mn2+)1*-state is another state of (Mn2+)*, that is, 
it is a state produced from the (Mn2+)*-state by the combined action of crystal field 
and spin-orbit coupling or by LCAQ-MO effect, just as the splitting of the Cu2+-state 
into 2E and 2T level in CdS and ZnS,14-18l·20) or as the at2b-splitting of Fe3+ in CdSe.211 
(2) Another possibility is that the (Mn2+)1*-state originates from different valence 
charge as Mn +, and thus it is a sort of an intermediate excited state of the Mn + -state, 
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having a connection with or being formed from the ground state of Mn + and the host 
ligands. Finally, the virtual (Mn3+)*-state is similarly a sort of an intermediate excited 
state of trivalent Mn3+-state and lies higher in energy than the (Mn2+)-level. There 
still remains question, however, whether these virtual states lie actually between the 
conduction and valence band edges. 
In conclusion, the observed temperature dependence of the EPR signals of Mn2+ in 
the mixed compounds Cd1_zMgzTe, CdS1_zSez, and Cd1_zZnzS has revealed two thermal 
activation energies il and ih and it has been suggestive of the charge transfer process 
in which a virtual magnetic state is assumed to exist between the two band edges ; the 
charge transfer proceeds from the virtual state (Mn2+)* to native defect vacancies and 
to a virtual state (Mn2+)1*' converting it to (Mn3 +)*, by thermal excitation. The 
composition dependence of i2 for the two systems CdS1_zSez and Cd1-zZnzS is found to 
have a close relationship with the variation of the band gap based on the Lehmann's 
study27I and of the vacancy level. However, these problems must be further investigated 
both theoretically and experimentally, since the electronic nature of the transition metal 
impurities in II-VI compounds is still uncertain whether the electron wave function is 
far extended enough to be treated by the effective mass approximation or localized 
around the impurity ions closely enough to be solved by the ligand field theory. 
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